THE DIFF3 automated hematology system* consists of a slide spinner for peripheral blood smear preparation, an automated slide stainer,t and a computerdirected cell analyzer. The system differs from other instruments for automated cell recognition in that a) centrifuged slides are prepared using a diluted blood sample to achieve uniform monolayer cell density and distribution, 14 b) the analyzer automatically quantifies platelets and classifies nucleated cells, including atypical lymphocytes, immature granulocytes, and blasts, and c) the analyzer can be preloaded with as many as 14 slides on a magazine for processing in the absence of
Materials and Methods
The diffi system was operated according to the manufacturer's instructions. 4 The instrument was located in a clinical hematology laboratory servicing a 700-bed teaching hospital processing an average of 300 blood smears daily. Modes of operation during the six-month study included no review, conditional review, and full review with context filter on and off. 41 " Centrifuged smears were made from ethylenediaminetetraacetic acid (EDTA)-anticoagulated whole blood 4 : and stained on a Hematek M * slide stainer using Wright's stain and buffer provided by Perkin-Elmer. For comparison, duplicate peripheral blood smears were made by our standard pusher technic 1 ' 1 and stained in a Shannon-Elliott § slide stainer with Wright's-Giemsa stain prepared in our laboratory. Both centrifuged and pushed smears were examined by conventional microscopy. Centrifuged smears were also evaluated electronically in the diff3's analyzer as well as through its Optovar*-equipped binocular microscope monitor.
All slides were referenced against oil immersion microscopic observations made by four senior technologists examining routine pushed smears from the same patient's blood stained in our usual manner, 1 '' and against results from the Coulter Model S.11 The Coulter Model S was operated in accordance with the standards recommended by Gottmann and associates, 
Accuracy and Precision Studies
Accuracy of nucleated-cell classification was ascertained by submitting a series of normal and abnormal patient smears to the analyzer for routine lOOrcell differential counts. In full review mode, each cell classified by the analyzer was manually verified using the difD's optical monitor.
Erythrocyte-morphology measurements were evaluated on smears obtained from the normal-range study (described below), as well as from selected abnormal blood smears. Erythrocyte results from the difD were compared with Coulter Model S indices and the morphologic observations of technologists 15 viewing routinely prepared pushed slides. The difD leukocyte count estimates, platelet estimates, and platelet counts were derived from the normal-range studies, as well as from selected patients with a wide range of platelet counts. The normal Coulter Model S and morphologic ranges used were those established over several years in our laboratory.
Precision studies were performed to establish in-run (N = 20) and run-to-run (N = 50) reproducibility.
Eleven blood samples representing normals, leukocytosis, shift to the left, immaturity, nucleated erythrocytes, and abnormal erythrocytes and leukocytes were examined.
Platelet Studies
Phase counts, Coulter ZBI counts, and platelet estimates derived by routine bench technologists from push peripheral blood films were compared against platelet estimates and counts generated by the difD from centrifuged smears.
BandlSeg Ratio
Blood smears from freshman medical student volunteers were analyzed to establish the optimum threshold setting for our difD. Smears from patients with shifts to the left (as determined by manual methods using our standard criteria) were then submitted to the difD to ascertain whether these shifts to the left would be appropriately recognized by the analyzer. The difD results were cqmpared with results of four senior technologists independently examining pushed smears from the same blood samples.
Normal-range Studies
Blood samples from 131 normal volunteers and 105 putatively normal inpatients (selected on admission to hospital by having a normal Coulter Model S profile and peripheral blood smear analysis by conventional technics) were analyzed in duplicate on the Coulter Model S, and the second value recorded to exclude the effect of carry-over on results. A pushed peripheral blood smear was evaluated as an unknown by the four senior technologists using their usual technic and criteria. 1315 Their results, pooled as reference values representing a superior level of our laboratory's general performance, were compared with duplicate difO 100-cell differential counts and morphologic observations of erythrocytes and platelets.
Flagging
The diff3 results from 800 consecutive patient blood films obtained over three shifts of a 24-hour workday/ seven-day week were compared with those obtained from routine bench technologists examining conventionally prepared slides. The flagging criteria 10 were those defined by the difO's manufacturer. 4 Excluded from this study were samples known to come from patients with hematologic malignancies, hematology/ oncology clinic patients, and samples submitted to the laboratory as stats.
Statistical Methods
Standard statistical analyses were performed. Where appropriate, least-square regression analysis, probability testing, Wilcoxon-signed rank, and analysis of variance were also obtained. 5 Measurements of parametric and nonparametric distributions were made to validate the statistical methods applied. Statistical analyses were performed using an appropriately programmed DEC-10 computer.** Special analysis of variance programs included BMDPtt and STP241: 
Results

Spinner and Stainer
An experienced operator could process about 100 smears/hour. While the smears were generally uniform, erythrocytic overlapping occasionally caused the analyzer to erroneously classify an overlap as a leukocyte, or prevented the analyzer from examining enough discrete erythrocytes for erythrocytic morphologic measurements to be recorded. Excessively high or low hematocrits could cause a smear in which nucleated cells and platelets could be counted but erythrocytic morphologic analysis could not be accomplished by the analyzer. No abnormalities in distribution of cells on centrifuged smears were noted, with the exception of one preparation in which platelets were clumped on both the centrifuged and pushed smears. Nucleated cells were invariably intact, although an increase in amoeboid lymphocytes and vacuolated monocytes was noted. Smudge cells, even in leukemias, were rare.
The Perkin-Elmer Wright's stain colors were sharp, consistent, and generally free of precipitate and debris. Platelets were distinct. Howell-Jolly bodies, siderotic granules, basophilic stippling, polychromasia, and malaria parasites were consistently detected when compared with our standard pushed smears stained with our own Wright's-Giemsa stain.
Cell-by-cell Study
Nucleated cells from a large collection of normal and abnormal smears were classified by the diff3 (Table  1) . Concordance with the human observer was achieved on most nucleated cells. In general, those cells which gave the diff3 trouble were the same types of cells that NOSANCHUKET/li..
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gave the human observer difficulty, i.e., in making distinctions between late bands and early segs, between late metamyelocytes and early bands, between blasts and promyelocytes, between lymphocytes and monocytes, and among young monocytes, atypical lymphocytes, and blasts. Abnormal cells such as those with aberrant nuclear/cytoplasmic maturation in leukemias also presented classification difficulties.
Basophils presented the most difficult classification problem to the analyzer. Most basophil misclassifications resulted from lymphocytes, dirt, and degenerating cells; however, the diff3 never mistook a true basophil for something else.
Except for atypical lymphocytes, a normal cell was rarely misclassified as a blast. In acute leukemias, some blasts were misclassified as monocytes and atypical lymphocytes. Some microblasts were misidentified as atypical lymphocytes and basophils. Nevertheless, sufficient members of blasts were always noted to cause a flag to be raised.
Basophilic normoblasts could be misclassified as lymphocytes, but this occurred on smears where orthochromic and polychromatophilic normoblasts were also present; thus, the presence of nucleated erythrocytes for flagging purposes was not missed.
Pelger-Huet cells were generally classified as segs, although occasional cells were called bands. Hypersegmented cells were sometimes misclassified as bands because of overlapping of nuclear lobes. In one case, some hypersegmented cells were misclassified as eosinophils. Smudge cells, when present, were generally ignored as debris.
Erythrocytic Morphology
The difO's determination of normality was generally correct. In a series of 238 consecutive, routine blood samples, the analyzer detected 11 of 18 abnormals (mean corpuscular volume less than 78 or greater than 99 fl, or mean corpuscular hemoglobin less than 27 pg), compared with reference technologists, who recognized only seven of 18 abnormals. The difO misclassified five smears, whereas technologists misclassified only one smear as having abnormal erythrocytic morphology when the erythrocytes were in fact normal. The diff3 and the technologists did equally well in analyzing erythrocyte shape.
The analyzer was insensitive to polychromasia as reflected by failure to detect polychromatophilia in the presence of reticulocyte counts of up to 4%. HowellJolly bodies, basophilic stippling, and siderocytes were not detected. The presence of target cells or stomatocytes could not be consistently predicted.
Leukocyte Estimate
Leukocyte estimates generated by the difO tended to be lower than the quantitative measurements from the Coulter Model S. Although they generally reflected the clinical status of the patient's leukocyte count, difO estimates did not always correspond to the Coulter Model S results. Specific difO leukocyte-estimate failures occurred when high counts (>30,000/mm 3 ) were encountered or (rarely) when the difO lost plane of focus.
Platelets
The correlation of 78 patients' platelet counts generated by the difO over a 6,000 to 1,520,000/mm :! range, when compared with manual counts by phase microscopy, was 0.920, and by Coulter technic was 0.945, with similar slopes and Y intercepts. The P values for paired t-testing of phase versus diff3 and ZBI versus diff3 were 0.0717 and 0.0002, respectively, with the 95% confidence limits for the biases of 40,000 platelets/mm 3 -a value not inconsistent with reference-methods' precisions.
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Comparison of qualitative platelet estimates, where low was defined as an estimate of less than 100,000/mm 3 , normal as an estimate of greater than 100,000 but less than 400,000 platelets/mm 3 , and high as an estimate of greater than 400,000 platelets/mm 3 , revealed agreement in 81% of cases. In five cases of technologist/diff3 disagreement, the diff3 estimate more closely matched the quantitative phase or ZBI counts than the technologists' estimates from conventional smears. Although the diff3 platelet estimates were correct by high, normal, and low criteria in four other cases, the quantitative counts were within 40,000 of the cut-off point, e.g., a low diff3 estimate, a normal technologist estimate, and a quantitative count of 130,000/mm 3 . Where disagreement occurred, the diff3 generally erred on the conservative side by underestimating the true count. The diff3 never gave an erroneous high or low estimate in the presence of the opposite situation.
Precision Studies
In-run and run-to-run reproducibility results are given in Table 2 . The level of precision was relatively unaffected by various levels of leukocyte count, shift to the left, or abnormal peripheral blood findings. Comparison of the in-run to run-to-run precision by analysis of variance revealed some differences that were statistically significant (P s 0.05), but these were felt not to be clinically significant.
BandlSeg Ratios
Altering the band/seg threshold setting effected a subtle shift in the ratio of bands to segs but had no effect on any other measured parameter. An optimum setting (-4) was established where our reference technologists' and the difO's normal range closely approximated each other. Twenty-eight patients' blood smears classified as having shifts to the left by our usual criteria on pushed smears (six or more bands) were all correctly identified by the diff3 as having shifts to the left, and correlated with the technologists' results (r = 0.981, slope 0.891, Y intercept 3.048).
Throughput
An average of 33 slides/hour was processed when 100-cell differentials were done in no review mode. When full review mode was used, approximately 23 slides/hour were analyzed.
Normal-range Study
The population ranged in age from 8 to 85 years and included a few more females than males. The mean ages for males and females were 28.0 and 26.9 years, respectively, for the volunteers, whereas those for "normal" inpatients were 45.1 and 43.3 years respectively.
Comparison of four senior technologists' results with those from the diff3 revealed that more similarities than disagreements existed between the technologists' results and the difO's results; yet when initially compared by analysis of variance, highly significant differences could be shown for several parameters despite seemingly similar clinical results. Further detailed study by analysis of variance technics demonstrated that in most cases the variance among the technologists' results was as great or greater than the variance between the results of the technologists and those of the difO. A striking difference between the two data sets lay in the band counts. Here, the technologists' x ± 2 SD was 0-5.2, contrasted with 0-11.1 by the difO. When the data set was stratified by blood-donor source, i.e., volunteer versus "normal" inpatient, it was found that the major contributors to increased band counts on the difO were "normal" inpatients. Increased band counts were also noted in these patients' blood samples by the technologists evaluating conventional smears, but the increase was not as marked.
A second parameter with discordant results between the technologists and diff3 was the judgement of estimated platelet counts where difO's results lay below the estimates of the technologists. Unfortunately, quantitative-phase or Coulter Model S platelet counts NOSANCHUK£T/iZ..
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were not routinely done during this part of the study and therefore no reference values were available for comparison.
Flagging
Thirty-seven (4.6%) of the 800 consecutive smears studied were flagged by routine bench technologists; in comparison, 89 smears (11.1%) were flagged by the diffi when operated with the context filter off, and 48 smears (6.0%) with the context filter on. With the context filter on, the diff3 correctly identified 94.4% of suspect smears, a rate identical to that of the bench technologists. Similarly, the diffi and bench technologists had identical false-negative rates (0.3%). The only difference was in the incidence of false-positive flags where the diff3 indicated more slides for review than the technologists. This false-positive rate was reduced from 6.6% to 1.8% by operating the diff3 with the context filter on. Operated in this mode, the difO's false-positive rate (1.8%) approached that of the technologists (0.4%).
General System Operation
The overall use of the diff3 system was found not to be difficult. Instruction time for the spinner generally took less than 30 min, stainer about 10 min, and analyzer two days.
Operation of the spinner diluting device was considered somewhat awkward and inconvenient. Initially, corrosion problems due to the water jacket aerosol screen affected the spinner's closure latch spring and motor. Field modification of the device corrected these problems. Because the blood is diluted to make the centrifuged smears, it was found that drying the slides on a slide warmer § § at 50-55C for about a minute before staining expedited sample preparation time.
The diffi's software performed extremely well with but one minor flaw. Hardware problems encountered during this study (automatic slide loader failure due to a microsensor switch malfunction, automatic focus mechanism defect, and a defective computer board) were corrected on site.
Discussion
The diff3 is capable of simultaneously measuring at least 21 hematologic parameters while unattended by a technologist. Thus, it is the most comprehensive approach to automation in hematology to date. Central to the operation of the difO is the philosophy that it is intended to be a screening rather than a diagnostic device. To be successful it need not perfectly imitate the performance of a technologist on all cells, but rather § § Scientific Products Co., Rochester, New York. the instrument must reliably distinguish normal from abnormal and alert the operator (who need not be in immediate attendance) that a potentially abnormal blood smear has been detected. The frequency of false alarms must be sufficiently low to avoid creation of unnecessary work, yet it must not miss any true positive abnormalities. The diff3 system appears to have successfully met these objectives.
The diff3 flagging system proved to be quite reliable for the detection of gross abnormalities and erratic instrument behavior. With the context filter on, the instrument performed on a level that nearly equaled that of the routine standard of practice within our laboratory. We noted no clinical degradation in reliability with the context filter on and saw profound improvements in throughput in terms of reduced numbers of false-positive-flagged smears needing review. Because we did not include samples from the hematology and oncology services in our flagging study, our overall flagging rate (6.0%) was somewhat lower than that observed by Gilmer. 6 The in-run and run-to-run precision studies document the difO's reproducibility characteristics ( Table 2) . Assessment of cell classification is provided in the individual nucleated cell identification study (Table 1) . Operationally, cell classification is reflected in the essentially equivalent normal ranges as determined by the diffi compared with that by reference technologists. Although more bands were recognized by the difO, part of this discrepancy lies in the more rigid band classification criteria used by the diffi 4,9 compared with those used by technologists, who tend to call neutrophils with overlapping lobes segs, despite the absence of a filament. The observation of more bands in blood samples from "normal" inpatients than in blood samples from volunteers has been made by others using prototype diffi system. 11 The basis for this difference is somewhat unclear, but physiologic reactions such as stress of hospital admission may be contributing.
Abnormal and atypical cells present automated cell classifiers with their greatest challenges. Although the diffi misclassified some of these cells, it nearly always correctly noted a sufficient number of morphologic abnormalities to alert the operator to review the slide through the flagging mechanisms.
Only 33% of basophils were correctly identified, yet the diffi never misclassified a true basophil incorrectly as some other cell. The difficulty in getting a sufficient number of basophils to adequately "train" the instrument when the basic algorithms were prepared may be the fundamental problem. Despite these cognitive difficulties, failure to recognize one or two lymphocytes or degenerating cells as such and to misplace these cells as basophils has little practical impact on normal smears. The overcalling of these cells as basophils is detected vol. 73. No. 2 AUTOMATED BLOOD SMEAR ANALYSIS SYSTEM J 7 J by our routine internal quality control program of reviewing all smears with greater than 2% basophils. Although the diff? erythrocytic morphologic measurements did not always have perfect concordance with Coulter Model S indices, there was generally at least one abnormal diff3 erythrocyte measurement to alert the operator to review the slide. The diff3 estimated platelet counts correlated with phase microscopic and Coulter ZBI platelet counts. When in error, the difO usually erred on the conservative side and underestimated the "true" platelet count.
Leukocyte count estimates could be erroneously low in the presence of leukocyte counts in excess of 50,000/ mm 1 . This flaw has been addressed by a software improvement that has been retrofitted in our analyzer.
Implementation of the difO has been associated with a 12% reduction (5 FTEMI) in our technical staff through attrition. We calculate that even if no further staff reductions occur, the system will pay for itself within two years.
